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Abstract 
Recent research in ultrafast optoelectronics, with particular emphasis on 
terahertz generation and detection is reviewed. We begin with a brief overview of basic 
device concepts to illustrate the wide range of novel applications of ultrafast 
optoelectronics for the generation and measurement of ultrafast electrical transients, 
including microwave, millimetre-wave, and far-infrared generation and detection. This 
is then followed by a discussion of picosecond photoconductors. The specific details of 
these devices are described in subsequent sections. 
A Kerr-lens self-mode-locked Ti:sapphire laser pumped by diode-pumped 
frequency doubled Nd:YVO4 laser which had a single-frequency green (532 nm) output 
power of 5 W in a TEMoo mode was constructed. Negative group-velocity dispersion, 
in the absence of any negative material dispersion was obtained using prism pairs. A 
spatio-temporal model of a self-mode-locked Ti:sapphire laser is presented. We 
describe the starting process of self-mode-locked pulses. Ultrafast optical pulses of 39 
fs Full width half-maximum were generated from the self-mode-locked Ti:sapphire 
laser. The average output power was 800 mW, and for a cavity period of 10.4 ns a peak 
power of about 210 kW was generated. By using a pair of prisms for dispersion 
compensation, the time-bandwidth product was reduced to 0.3221, which is close to the 
transform limited sech^ pulse of 0.3148. 
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The generation and detection of millimetre and submillimetre electromagnetic 
waves performed by the photoconductive dipole antennas and its application to time-
domain spectroscopy and T-ray imaging is reviewed. The device structures of 
photoconductive dipole antennas and the experimental setup for photoconductive 
detection of millimetre waves using LT-GaAs are described. The self-mode-locked 
Ti:sapphire laser is used as the ultrafast laser source in this experiment. We found that 
the signal received using the LT-GaAs detector to have 17.7 dB better signal to noise 
ratio than the semi-insulating GaAs detector. 
Novel materials for THz detection are investigated, including the use of proton 
damaged semi-insulating GaAs. The semi-insulating GaAs material which was 
implanted with a dose of 10'^ cm'^ protons at an energy of 200 keV gave a signal to 
noise improvement of about 24.7 dB when compared with as-grown semi-insulating 
GaAs and 7 dB better than the LT-GaAs detector. The improvement is in"spite of a 
reduced carrier mobility in the ion-implanted material and is due to the shorter carrier 
lifetime and formation of Ohmic contacts with the ion-damaged semi-insulating GaAs. 
We also investigated other materials, including ion implanted Silicon (FeSix), high 
resistivity Si, InP and InGaAs/InP for photoconductive generation and detection of 
millimetre waves. However, no signal was found among of them. 
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Finally, we study the characteristics of millimetre waves and its application of 
time-domain spectroscopy (TDS). By Fourier analyses of the propagated pulses, the 
frequency dependent absorption of the sample was obtained. We show that the 
millimetre waves signal was linearly proportional to the applied bias voltage and the 
inverse of the square of distance. The squared amplitudes were linearly proportional to 
pump power and probe power. Strong water-absorption lines at 0.56, 0.75 and 0.98 










我们建立了一套由半导体激光器泵浦倍频N d : Y V C M敫光器（以 
T E M J i 输出功率为 5 W 频率为 5 3 2 n m 的绿光）泵浦的克尔棱镜自锁 
模掺钛蓝宝石激光器。在没有任何负材枓色散的情况下，负的群速 
色散由棱镜对得到。提出了一种自锁模掺钛蓝宝石激光器得空-时 
模型。由该激光器产生了宽度（ F W H M )为 3 9 £ 8的超快光脉冲。其 
平均输出功率为 8 0 0工\¥,而腔周期为 1 0 . 4 n s，峰值功率为 2 1 0让\¥。 
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1 Introduction 
1.1 Background 
Recent developments in ultrafast technologies, including terahertz (THz) 
sensors, have introduced new ways of seeing and understanding the world. THz 
generation and detection is a scientific breakthrough makes it possible for us to see 
images of electric fields, diseased tissue, the chemical composition of plants, and much 
more that is undetected by other imaging systems, such as x-ray and ultrasonic imaging 
systems. 
With a frequency of more than a trillion cycles per second, terahertz (THz) 
signals occupy an extremely large portion of the electromagnetic spectrum between the 
infrared and microwave bands. The development of terahertz time-domain 
spectroscopy has recently opened this important, but historically inaccessible, 
spectroscopic region. Just as one can use visible light for photography, radio waves to 
transmit music and speech, or x-rays to reveal broken bones, terahertz radiation can also 
be used to create images or to communicate information. The ultrawide bandwidth, 
coherence and sensitivity of this THz technique have been used to characterise the 
electronic, vibronic, and compositional properties of solid, liquid and gas phase 
materials, as well as flames and flows [1]. 
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Different biological, organic and semiconductor compounds have distinct 
signatures within the terahertz region, such as molecular vibrations and rotational 
levels. It is feasible to obtain information on the chemical compositions of samples 
using THz spectroscopy. Such a capability could be applied to the inspection of 
semiconductor wafers, diagnosis of disease, detection of pollutants, or quality control of 
food products. It is also quite possible that plastic explosives look very different under 
terahertz light and could be distinguished from the molecular structure of suitcases, 
clothing, common household materials, and equipment. 
Imaging work performed by the use of a photoconductive dipole can create 
images in the terahertz range, but it is not in the real-time [l-3]. Free-space terahertz 
electro-optic detection provides new methods for the measurement of freely propagating 
pulsed electromagnetic radiation [4-8]. The electro-optic sensor might be an ideal 
device to measure two-dimensional THz images in real-time [9-11]. 
“ 
Recently, the free-space electro-optic sampling system has been used to 
characterise the temporal and spatial distribution of free-space broadband, pulsed 
electromagnetic radiation [4-8]. The measured sensitivity (1 x 10''^ W/Hz"2) and 
useful bandwidth (over 30 THz) of these electro-optic probes are comparable to, or 
better than any conventional far-infrared coherent detection methods involving the use 
of bolometers. The THz imaging system, which uses an electro-optic crystal sensor, 
provides images with diffraction-limited spatial resolution, femtosecond temporal 
resolution, DC-THz spectral bandwidth, and mV/cm field detectability. 
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Advantages intrinsic to electro-optic detection include nonresonant frequency 
response, large detector area, high scan rate, low optical probe power, and large linear 
dynamic range. The concept of a free-space electro-optic detection system, similar to 
local field electro-optic sampling, is based on the Pockels effect in electro-optic crystals 
where a pulsed microwave signal (DC-THz) acts as a transient bias to induce a transient 
birefringence which can be detected by a synchronous optical probe. THz field 
measurements using ZnTe as an electro-optic crystal in a collinear geometry have 
demonstrated a signal-to-noise ratio (SNR) exceeding 100,000. 
Free-space terahertz optoelectronics provide new methods for the measurement 
of freely propagating pulsed electromagnetic radiation. The recent experimental results 
of electro-optic detection of THz beams demonstrate an oscillation period of a mid-
infrared THz beam as short as 31 fs [12]. The upper-limit of frequency bandwidth 
reaches to 37 THz (8 ^im). ” 
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1.2 Organisation of the Thesis 
In chapter 2, we review the recent research in ultrafast optoelectronics, with 
particular emphasis on novel device and measurement concepts. We begin with a brief 
overview of basic device concepts to illustrate the wide range of novel applications of 
ultrafast optoelectronics for the generation and measurement of ultrafast electrical 
transients, including microwave, millimetre-wave, and far-infrared generation and 
detection. This is then followed by a discussion of picosecond photoconductors. The 
specific details of these applications are described in subsequent sections. 
In chapter 3, we review and have experimentally demonstrated a self-mode-
locked Ti:sapphire laser configuration. The pairs of prisms can have negative group-
velocity dispersion in the absence of any negative material dispersion and a spatio-
temporal model of a self-mode-locked is presented. We have also described the starting 
process of self-mode-locked pulses and the 39-fs pulses have been generated from the 
self-mode-locked Ti:sapphire laser pumped by Compact Solid State Diode-Pump 
Frequency Double Nd:YVO4 Laser which had a single-frequency green (532 nm) 
output at power levels greater than 5 W in a TEMoo mode. 
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In chapter 4，we give a background of photoconductive generation and detection 
of millimetre waves. The device structures and the characteristics of photoconductive 
dipole antennas are described. We also describe the use of LT-GaAs for the 
photoconductive detection of millimetre waves. We compare the use of LT-GaAs with 
S.I. GaAs for generating and detecting millimetre electromagnetic waves. 
In chapter 5, we investigate novel materials for THz detection. We describe the 
preparation of proton implanted GaAs and study the performance of ion-damaged GaAs 
and as-grown GaAs as the substrate materials in the detection of millimetre waves by 
photoconductive sampling. We show for the first time that ion-damaged GaAs may be 
used to generate and detect millimetre electromagnetic waves. We have also 
investigated other materials, including FeSi2, Si, InP, and InGaAs/InP for Terahertz 
detection but with no success. 
“ 
In chapter 6，we examine the dependence of the generated terahertz radiation on 
applied bias voltage, the distance between the emitter and detector, and the pump-
probe-probe power. We also study the characteristics of millimetre waves and its 
application of time-domain spectroscopy (TDS). By Fourier analyses of the propagated 
pulses, the frequency dependent absorption of the sample can be obtained. 
In chapter 7, we give an overall conclusion and outline possible future 
developments or applications of these terahertz pulses. 
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2 Principles and Theories 
In this chapter, we recent review the basic principles for terahertz generation and 
detection using ultrafast optoelectronics. The chapter includes an overview of basic 
devices for the generation and measurement of ultrafast electrical transients, including 
microwave, millimetre-wave, and far-infrared generation and detection. This is then 
followed by a discussion of picosecond photoconductors. The specific details of these 
applications are described in subsequent sections. 
“ 
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2.1 Device Concepts 
This section gives a brief overview of the basic device concepts which use 
ultrafast optical pulses to generate and detect high-speed electrical signals [1]. The 
details of devices and applications will be given in subsequent sections. 
Some of the optoelectronic devices based on the use of photoconducting 
materials are illustrated in Figs 2.1 - 2.3. Although each performs a different electronic 
function, they are all based on variations of the central concept of a light pulse 
producing conductivity modulation by electron-hole injection in a semiconductor. With 
moderate optical pulse energies it is possible to reduce the photoresistance to a value 
that is relatively low compared to the characteristic impedance of the transmission line. 
This results in a switching action which permits a fast optical pulse to initiate a high 
speed electrical signal. Fig. 2.1(a) is a schematic illustration on the basic 
photoconducting electronic pulse generator [2]. It consists of a ph0t0c9nducting 
material mounted in high-speed transmission line. The amplitude and shape of the 
electrical pulse depends on the details of the device geometry and the materials as well 
as on the optical pulse having relatively large amplitudes can be generated by this 
technique. Fig. 2.1(b) illustrates a sampling gate [3]. h\ this case the mput electrical 
signal is a time-varying waveform which is sampled by the photoconductor by diverting 
a small portion of the signal to a sampling electrode. By varying the relative timing 
between the incoming electrical waveform and the optical pulse, the amplitude, v„ of 
the sampled pulse gives a stroboscopic replica of the desired waveform. As with other 
sampling measurement systems, it is not necessary to time-resolve the sampled signal 
9 
Materials for Millimetre Wave Detection Using Femtosecond Optical Pulses Chap 1 
Vv, and highly sensitive low frequency electronics can be used. A novel variation on the 
pulse generator is the use of multiple switches to form a frozen wave generator as 
shown in Fig. 2.1(c) [4]. Simultaneous illumination of the photoconductors release the 
"frozen" waveform which can have an arbitrary shape determined by the number of 
photoconductors and the dc bias voltages applied to them. In this case, a long 
photoconductivity fall-time is required to enable each section to discharge in tandem. 
For the same reason, a relatively high optical pulse energy is required to ensure a low 
resistance for each photoconductor. The amplitudes and durations of each segment of 
the waveform can in principle be adjusted arbitrary by changing the bias voltages and 
lengths of the transmission line separating each photoconductor. 
� Vb : 至 _ V �J 1 _ ^ 
PULSE GENERATOR 
(b) \ / f x “ 
w ^ ^ — ^ •i • • 
SAMPLING GATE 
Vl Vg V3 
� ^ m \ i i . 
書 * " ^ ^ _ 
^ ^ 
FROZEN-WAVE GENERATOR ^^ 
Fig. 2.1 Schematic illustration ofbasic optoelectronic device concepts: 
(a) photoconducting electrical generator, (b) photoconducting 
electrical sampling gate, and (c) "frozen wave “ generator. In each 
case an ultrashort optical pulse illuminates a photoconductor to 
produce afast conducting transient in a transmission line. 
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Fig. 2.2(a) is an application to a radio frequency mixer in which the input signal 
is a high frequency sine wave whose amplitude Vs is modulated by the optical pulse [1]. 
The optical signal has an envelope modulation at a frequency equal to the local 
oscillator so that the output signal at the intermediate frequency V"- is proportional to the 
product of the electrical Vs and optical input signals P„pt. 
Fig. 2.2(b) illustrates the use of photoconductors for producing short bursts of 
radio frequencies [1]. In this case, a resonant circuit (parallel inductor (L) capacitor 
(C)) controls the frequency of the generated waveform. The coupling of the circuit to 
an external transmission system causes the signal to decay rapidly, resulting in short 
bursts of radio frequency energy. With the use of high bias voltages and large optical 
pulse energies, this method can produce relatively high power rf signals. 
f P , ^ o^pt 
(a) ^ 
^ W : • 二“ " " ^ ^ ^ ^ ^ 
Vs V|, RF MIXER 
(b) LC ¢ 1 ^ ： > ' | | V W 
RF BURST GENERATOR * 
( C ) + \ + 
^ ) ) ) ) H 
HERTZIAN DlPOLES 
Fig. 2.2 Other ultrafast optoelectronic devices which use high-
speed photoconductors: (a) a radiofrequency mixer, (b) a radio 
frequency burst generator, and (c) photoconductors. 
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When the rise-time of the photocurrent is extremely short, the photoconductor 
can directly radiate an electromagnetic signal into free space as illustrated in Fig. 2.2(c). 
This phenomenon form the basis of the devices introduced later in the thesis, and is 
considered in more detail in Section 2.2 and 2.3. Photoconductors can also be used as 
receiving antennas by sampling a rf pulse when illuminated by an optical pulse. The 
combination of optically triggered transmitting and receiving antennas forms a 
measurement system which is phase coherent and has extremely good time resolution. 
Electro-optic materials have also been extensively used for high-speed 
optoelectronics. The electro-optic property of these materials has been used both for 
measuring high speed electrical signals using the Pockel's effect and also for generating 
short electromagnetic pules by optical rectification. Fig. 2.3(a)-(c) illustrates some of 
these approaches. Fig. 2.3(a) shows a travelling-wave Pockel's cell for measuring fast 
electrical signals. This approach uses the small change in optical birefringence of an 
electro-optic material (Pockel effect) to measure the electrical waveform. In this 
example, the electro-optic material is used for the insulating substrate of the 
transmission line. The measurement does not perturb the electrical signal and is 
extremely fast. An important variation on this approach is illustrated inTig. 2.3(b), in 
which picosecond electrical signals in GaAs integrated circuits are probed by using the 
electro-optic property of the substrate. 
Fig. 2.3(c) illustrates the use of electro-optic materials for generating extremely 
short electro-magnetic transients. This approach uses the optical rectification effect to 
produce a nonlinear polarisation in an electro-optic material. This polarisation follows 
12 
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the intensity envelop of the optical pulse and can have an extremely short duration. The 
polarisation can be converted to an electrical signal by using it to charge a capacitor as 
illustrated in Fig. 2.3(c). When femtosecond optical pulses are used, the polarisation 
can be used as radiative source and produce short electrical pulses analogous to 
Cherenkov radiation from a supra-relativistic charged particle. 
(a) 
丄 . . 
Vi ‘ p ^ * V � ^ ^ ~ 
ELECTRO-OPTIC SAMPLING ] � � � � � � , 




( C ) 
Vs 
^ ~ ~ ^ 
OPTICAL RECTIFICATION 
Fig, 2.3 Ultrafast optoelectronic devices which use electro-
optic materials: (a) electro-optic sampling, (b) electro-optic 
substrate probing and (c) optical rectification. 
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2.2 Picosecond Photoconductors 
Many different materials and geometric configurations have been used for 
picosecond photoconductors (for a review, see [5]). Most, however, have in common a 
design which optimises the speed of response by directly coupling the photocurrent to a 
high speed transmission line structure. This is usually accomplished by making the 
electrodes of the photoconductor an integral part of the transmission line. A typical 
example is illustrated in Fig. 2.4. It consists of a photoconducting film on an insulating 
substrate on which metallic electrodes have been deposited in the configuration of a 
microstrip transmission line. A picosecond light pulse is focused on the active region of 
the photoconductor which consists of a small gap in the top microstrip electrode. Other 
transmission line configurations such as coaxial and coplanar waveguides have also 
been used. Also the photoconductor may be used as the substrate material if it is semi-
insulating. A rigorous analysis of the voltage waveform produced in Fig. 2.4 is a 
difficult task which requires the solution of the time-varying electromagnetic equations 
for the electric field produced by radiating currents and charges in the gap. A more 
expedient method is to neglect retardation effects and represent the photoconductor by 
time-varying macroscopic circuit elements. These approximations should be valid if the 
dimensions of the gap and the transmission line cross-section are small relative to the 
distance an electromagnetic signal travels in the shortest time interval of interest. 
14 
Materials for Millimetre Wave Detection Using Femtosecond Optical Pulses Chap 1 
i i 
I 1 ^ \ / 
PHOTOCONDUCTING \ / INSULATING 
L /FILM \ ， ！ /SUBSTRATE 
'if^^ ^. / i / / 
/ — r T L ^ ^ ^ p 
/ GROUND / 4 r ‘ f 
L——MICROSTRIP ELECTRODES PLANE 
Fig. 2.4 Schematic diagram ofa thin-film photoconductor as an integral 
component ofa high-speed microstrip transmission line. The active region 
is the gap in the left electrode at which the light isfocused. 
Following this approach the photoconductor is represented as a time-varying 
conductance G(t), in parallel with a capacitance Q embedded in a transmission line. 
Theoretical estimates of the static capacitance across this gap have been made for 
microwave applications, and have typical values of 10-100 fF for the specific 
geometries of interest to us here [6]. The capacitance increases only logarithmically as 
the gap becomes smaller, and as we shall see, the sensitivity increases as l � , s o that it is 
possible to use very small gap lengths, /，to make sensitive photoconductors without 
appreciable loss of speed. Although a small shunt capacitance may exist in some 
configurations, its value is usually small and will be omitted here. 
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A general expression for the time-varying conductance G(t) of a photoconductor 
can be derived from the rate of dissipation of electrical energy: 
GV^'=jEJdx, (2-1) 
V 
where Vg is the voltage across the gap, E is the electric field, and J is the current 
density, and the integration extends over the entire active volume of the 
photoconductor. When Ohm's law can be used to relate the current density and electric 
field, the conductance is 
G{t) = ^jdxa\E\\ (2-2) 
J? V 
where cris the conductivity. G can be separated into two components, one of which is a 
constant Go, representing the dark conductivity, and a second time-varying term, g(t), 
which is due to the photoconductance: 
S(t) = :^\dx{neM„+pejU^]E\\ (2-3) 
« V “ 
where n, p and //„, //p are the electron and hole densities and mobilities, respectively. 
Although n = p initially, their time evolution may differ due to different capture rates by 
defect sites, and drift. Assuming the optical pulse to be negligibly short in duration, the 
initial carrier densities are 
"((=0+)=例0+) = (1 —幻她(^广， (2-4) 
flO) 
where R is the reflectivity of the photoconductor surface, a is the optical absorption 
constant, E is the incident optical pulse energy per unit area, and ho) is the energy of one 
photon. 
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The electric field distribution in the gap, E(x) depends both on the geometrical 
configuration of the photoconductor and also on the distribution of the photoexcited 
carriers. The latter effect is particularly important in the high injection regime which is 
typical of picosecond photoconductors. If the electrical contacts to the photoconductor 
are not ohmic, they can also influence the electric field distribution. For the radiation-
damaged and amorphous semiconductors, however, good contacts can usually be made 
using relatively simple methods. 
“ 
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2.3 Photoconducting Antennas 
The concept of a photoconducting antenna is based on the radiation of a 
photocurrent into free space as opposed to being coupled into a transmission line or 
other guiding structure. This approach has the advantage of potentially greater speeds 
of response by overcoming limitations imposed by dispersion and losses of 
conventional transmission systems. 
Photoconductors have been used to drive a dipole antenna by Mourou et al. [7-
8]. A GaAs:Cr photoconductor was illuminated with subpicosecond pulses to produce a 
short current pulse which was then fed to a dipole antenna. The duration of the radiated 
signal was measured by the gated transmission through a thin slab of germanium and 
was estimated to be approximately 3 ps. In a similar experiment, Heidemann et al. [9-
10] have used a photoconductive switch to drive an exponentially tapered slot-line 
antenna. They produced a radiated pulse of a single cycle having a duration of 
approximately 1 ns. 
Auston et al, [11] have used a geometry in which the photoconductor itself 
forms the antenna. In this case the photocurrent radiates directly into space without 
requiring a separate antenna structure. The photocurrent signal produces a time-varying 
dipole moment whose radiation field, E^0) at a distance r, and angle 6, can be 
estimated by the classical field of a Hertzian dipole: 
r ( o\ 1 P n dp n^ d^p .八 Ee ( r ’ ^ = — ^ + — • + — ^ sin e, (2-5) 4庇广 3 c " ^t c V 3 / 2 , 
V ^ 
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where the dipole moment p(t) is related to the photocurrent, i(t), by the expression i(t)= 
p{tyi, where 1 is the length of the radiating current (assumed small relative to the 
shortest radiated wavelength). The three terms in the expression for the electric field 
can be identified as the static, near, and far field components, varying respectively as f]， 
r_2 and r"'. Each of these has a different temporal variation. The far field term is 
proportional to the second derivative of the dipole moment and hence has a time 
variation equal to the first derivative of the current pulse. Hence a short unipolar 
current pulse will radiate a far field which is bipolar. For short pulses, the distinction 
between the far and near fields is given by the simple relation r >>tpc/n, where Tp is the 
pulse duration. 
Photoconductors can also be used as receiving antennas. In this case, the bias 
signal is induced by the radiation field rather than a dc signal. By measuring the 
average current at the receiving dipole as a function of the delay between the optical 
pulses illuminating the transmitting and receiving dipoles, autocorrelation 
measurements of the system response can be made [12]. Response times of 
approximately 1.6 ps were measured for radiation damaged silicon-on-sapphire 
Hertzian dipoles. Karin et al [13] have observed response times less than 1 ps using 
He+ ion bombarded InP:Fe Hertzian dipoles. They used a geometry in which the 
photocurrent was orthogonal to the photoconductor electrodes to suppress the slower 
radiation signal arising from currents in the electrodes. Smith and Auston [14] have 
made resonant half-wave photoconducting dipole antennas with measured frequency 
responses up to 2 THz. 
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2.4 Summary 
The recent research in ultrafast optoelectronics, with particular emphasis on 
novel device and measurement concepts have been reviewed. The basic device 
concepts to illustrate the wide range of novel applications of ultrafast optoelectronics 
for the generation and measurement of ultrafast electrical transients, including 
microwave, millimetre-wave, and far-infrared generation and detection has been 
reviewed. Also, the picosecond photoconductors and the concept of the 
photoconducting antenna have been described. 
“ 
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3 Self-mode-locked Ti:sapphire (Ti:Al2O3) Laser 
Self-mode-locked Ti:sapphire lasers are now widely used sources of 
ultrashort pulses in the near-infrared spectral region. They are capable of producing 
femtosecond pulses train with average power greater than 100 mW. A self-mode-
locked Ti:sapphire laser was used as the ultrafast laser source in our experiments. In 
this chapter, we describe how the 39 fs pulses were generated from self-mode-
locked Ti:sapphire laser. A "Verdi" laser emitting 5 W at 532 nm wavelength was 
used to pump the Ti:sapphire crystal. The average output power was 800 mW, and 
for a cavity period of 10.4 ns a peak power of about 210 kW was generated. By 
using a pair of prisms for dispersion compensation, the time-bandwidth product was 
reduced to 0.3221, which is close to the value of 0.3148 expected for sech^ pulses. 
n 
This chapter is organised as follows. Section 3.1 gives a background of self-
mode-locked Ti:sapphire laser. Section 3.2 shows the self-mode-locked Ti:sapphire 
laser cavity. Section 3.3 describes the negative dispersion using pairs of prisms. 
Section 3.4 presents a spatio-temporal model of a self-mode-locked laser. Section 
3.5 illustrates how to start mode-locked pulses. Section 3.6 describes the 39-fs 
pulses from self-mode-locked Ti:sapphire laser. Section 3.7 gives a chapter 
summary. 
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3.1 Introduction 
Since the first demonstration of a self-mode-locked Ti:sapphire laser in 1991 
by D. E. Spence et al. [1], the Ti:sapphire laser has been extensively developed by 
many research groups, and pulses as short as 8.6 fs have now been generated [2-3]. 
Ti:sapphire is now widely recognised as an excellent solid-state material for laser 
operation in the near-infrared spectral region. Its broad gain bandwidth, extending 
from approximately 670 to 1100 nm, provides both a large tuning range and the 
ability to generate ultrashort pulses. Various mode-locking schemes have been 
employed in Ti:sapphire lasers whereby pulses having durations into the sub-100-fs 
regime have been produced. These include acousto-optic mode locking followed by 
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3.2 Self-mode-locked Ti:sapphire Laser Cavity 
The self-mode-locked Ti:sapphire laser cavity is shown in Fig. 3.1. The 
main laser cavity consisting of mirrors M/ to M4, was extending to between 1.5 and 
2.0 m, with the 4 mm in diameter and 4-mm-long Brewster-angled Ti:sapphire gain 
medium, 0.25% Ti, placed in the centre of the cavity. The cavity length was 1.56 m, 
which corresponds to a cavity frequency of 96 MHz. The plane mirrors Mo and M4 
were highly reflecting over the 750-850 nm spectral region and the spherical mirrors 
M2 and Mi (r = 100 mm) were highly transmitting for the 488-532 nm pump 
wavelength and highly reflecting over a wavelength range of 710-890 nm. The 
plane output coupler M/ had a reflection of 88% and transmission of 12% with 
essentially zero absorption from 720-890 nm. The pump laser was a Compact Solid 
State Diode-Pump Frequency Double Nd:YVO4 Laser which had a single-frequency 
green (532 nm) output at power levels greater than 5 W in a TEMoo mode. The 
•I 
pump beam passed through a periscope arrangement to rotate the plane of 
polarisation by 90° and was focused into the Ti:sapphire laser crystal by the 
spherical plano-convex lens L/, which had a focal length of 100 mm. The plane 
mirrors HRM were highly reflecting over the pump wavelength. The prisms Pj and 
P2 were made from Fused Silica and were Brewster angled for minimum deviation 
at approximately 800 nm. They constituted the intracavity double-prism sequence 
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3.3 Negative Dispersion Using Pairs of Prisms 
The use of prism pairs provides negative group-velocity dispersion that is 
both low loss and easily adjusted from negative through positive values. Additional 
advantages are an absence of transverse displacement of the temporally dispersed 
rays (such displacement can broaden ultrafast pulses) and a transmitted beam 
collinear with the incident beam [7]. 
Although a number of prism arrangements can be devised [8], one 
arrangement is especially advantageous (Fig. 3.2). The four identical prisms were 
used at minimum deviation and Brewster's angle incidence at each surface. The 
entrance face of prism II is parallel to the exit face of prism I’ the exit face of prism 
II is parallel to the entrance of prism I, etc., and the prisms have been cut so that the 
angle of minimum deviation is also Brewster's angle. The plane MM' normal to the 
rays between prisms II and III and midway between the two prisms is a plane of 
“ symmetry. 
The dispersion constant is calculated as follows: 
^ ,_i dT ( A V'P 
D = -L ‘——= (3-1) 
dA [cL )dA' P" 
Here L is the physical length of the light path, F is the optical path length, X is the 
optical wavelength in air, and T is the time for the light pulse to transverse L. To 
obtain cfP/dX^, consider the rays that propagate near the apices of the prisms. Let 
the extreme ray that passes from apex to apex be a reference ray, and define its slant 
length between prisms I and II (and by symmetry also between prisms III and IV) as 
/. 
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^ ^ c 
Fig. 3.2 Four-prism sequence having negative dispersion. The prisms are used 
at minimum deviation and oriented so that the rays enter and leave at 
Brewster's angle. The arrangement is symmetric about the plane MM'. 
> ^ ^ . 
B 
0» C X 
Fig. 3.3 Construction for calculating the paths CDE, EFG, and BH. (a) Path 
CDE and path AB are equal because AC and BE are both possible wave fronts, 
(b) Path CJ is both parallel and equal to AB by construction. Itfollows that the 
optical path length ofCDE is equal to 1 cosp. 
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The optical path length of a ray that propagates at an angle p with respect to 
the reference ray is calculated by using an optical construction similar to that 
employed by Gordon and Fork [9]. Consider Fig. 3.3(a), where CB is the reference 
ray from the apex of prism I to the apex of prism II. The optical path length of the 
ray is indicated by the path CDE. The path AB equals CDE because AC and BE are 
both possible wave fronts. The path CJ in Fig. 3.3(b) is equal and parallel to AB by 
construction and hence also equal to CDE. It follows that the optical path of the ray 
CDE is 
P = lcosfi. (3-2) 
The optical path lengths EFG and BH are equal because BE and GH are both 
possible wave fronts and FG and BH are parallel. (The rays FG and BH are parallel 
to the incident ray and hence to each other because the initial prism pair is 
equivalent in its effect on the ray direction to a slab having plane-parallel faces.) 
The section of path indicated by rays EFG and BH therefore makes no contribution 
to d^P/d?^. By symmetry, the second pair of prisms introduces the same amount of 
dispersion as the first pair but reverse the transverse displacement of the rays. The 
final rays are therefore collinear with each other and collinear with the path of the 
incident rays. The total optical path that contributes to the dispersion is then 
P = 2lcosp, (3-3) 
and 
dPfdp = -2lsinP, (3-4) 
d^P/d|3^ =-2/cosy0. (3-5) 
Employing the chain rule for derivatives, we have 
d ' p j d ' n d f i f d n ^ d ' f i y p f d n ^ f d f i ^ d ' P 
7 F ~ \ ^ ~ ^ [‘^) ~^\dp^\^] [ ^ j 7^' ( 3 - 6 ) 
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The evaluation of these derivatives differs from the case treated by Gordon 
and Fork [9]. In present case the angle of incidence of the beam at prism I，¢1, is 
taken as fixed, and the angle that the transmitted beam makes with the normal to the 
prism face, ¢2, is allowed to vary. Let the respective interior angles be ¢1 ’ and <j>z ’ 
(i.e., n sin^y ’ = s in^ and n sin^^' = sin ¢ ;^ see Ref. 10 for a typical figure using this 
notation). For prism index n and apex angle a w e use Snell's law and the relation a 
=¢1, + ¢2, to obtain 
# 2 / dn = (cos 02 )-i [sin(02，) + cos(02，) tan(0,，)]， (3-7) 
J V 2 , (d^, Y tan2 0 , Y # , ) 
_ ^ = tan^), ^  ^ 子 （3_8) 
dn �dn j n y dn � 
For minimum deviation and Brewster-angle incidence,办，=¢ '^ and tan^^ = 
n. By inspection, dfi / dn = —(d^ / dn) and d^/5 / dn^ = -(d^^/d/z^), which yields 
d/3/dn = -2, (3-9) 
d^p!dn^ = - 4 + 2/"3. (3-10) 
" 
Inserting these relations and Eqs. (3-4) and (3-5) into Eq. (3-6) yields 
d'P j " 2 ( l Y M l . Q 4 d n ^ 1 
^ = ' l ^ " r - ^ l ^ j j ^ " ^ - \ ^ ] c � s " | . (3-11) 
In general, p is of order of the angular deviation of the ray bundle, so sin p « cos P. 
This prism arrangement therefore has negative dispersion for sufficiently large 
values of /，provided that d^n/dX^ is not excessively large compared with (dn/dA)". 
We can evaluate Eq. (3-11) for typical values for quartz at 0.620 ^im, which are n = 
1.457, d^i/dA = -0.03059 pim\ and d^/dX" = 0.1267 ^rni]問 j h e term / sin y^need 
only be of the order of twice the spot size, or -2mm [11], and cos p can be 
approximated by unity, so 
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d^P/dX^ = 1.0354-/(7.48xl0_3), (3-12) 
where P and 1 are measured in millimetres and X in micrometers. For / > 138.4 mm, 
for example, four quartz prisms oriented as shown in Fig. 3.2 have negative 
dispersion. The magnitude of this negative dispersion can be compared with the 
positive dispersion of quartz, e.g., by dividing by d^n/dA^ given above for quartz. 
For example, for 1 = 250 mm Eq. (3-1) predicts a negative dispersion adequate to 
compensate 6.6 mm of quartz. 
An arrangement with a negative dispersion equivalent to that for this four-
prism case can be obtained by using only two prisms and placing a flat mirror at the 
symmetry plane MM' [12]. The temporally dispersed beam is then collinear with 
the incident beam but oppositely directed. Beam separation can be achieved, for 
example, by offsetting the return beam in the direction normal to the plane of the 
figure before retroreflection. Multiple-pass arrangements could also be devised to 
increase the net negative dispersion further. When transverse displacement of the 
dispersed rays is not a problem, negative dispersion can also be obtained by using 
only two prisms in transmission, such as prisms I and II in Fig. 3.2. 
The third derivation d^P/dX^ can be evaluated in a manner similar to that 
used above. Although the resulting expression is rather complex, it is well 
approximated for typical materials, such as quartz, by 
d'P (d'n . “ dnd^n , \ 
—.41 _ s m / ^ - 6 - - c o s / ? (3-12) 
乂 / 
The variation in d^P/d^ over the bandwidth of a pulse is relative small for typical 
cases of interest, for example, 5% for a 60-fsec pulse and quartz prisms. For 
significantly shorter pulses these third-derivative terms could become important. 
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3.4 Kerr-lens Mode-locked Model: Role of Space-time Effects 
A spatio-temporal model of a self-mode-locked laser is presented. It uses a 
full wave-optics approximation of the propagation in the laser resonator and includes 
dispersion, self-phase modulation, and self-focusing of the intracavity radiation. It 
is shown that the self-consistent evolution of the pulse toward steady state imposes 
strong space-time focusing in the crystal, where both the space and time foci are 
located. This combined focusing is inherent for Kerr-lens mode-locked lasers with 
linear and ring cavities, and with and without intracavity saturable absorbers. It is 
considered as a general mechanism for compensation of space-time astigmatism 
within the nonlinear resonator. 
For the linear cavity shown in Fig. 3.4，that sequence is given by [13] 
E^^,[r,t) = 4 R T J ^ E X r A (3-13) 
where R is the reflection of the output coupler, which can be frequency dependent, 
it 
and Tr and T) are operators of propagation to the right and to the left in the linear 
resonator, respectively: 
T r = F J ) F j C F f F y (3-14) 
For the operator T) the different operates act in an opposite order. For the ring 
resonator shown in Fig. 3.4 we have 
£ , + i M = V ^ 7 ; £ , M ’ (3-15) 
where Tc is the operator of propagation in a clockwise direction: 
Tc = F J ) \ F J F f C F f D ? (3-16) 
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- r ^ ^^ 
M l M ^ 
f/ 
Fig. 3.4 Schematic ofthe linear and ring resonators. 
In Eqs. (3-14) and (3-16)，F/is the diffraction operator after an element with 
a focal distance /，which is given by a Fresnel-type integral in a paraxial 
approximation: 
j^ ( A i f f f w n n � \ifo^( 1 0 1 ( ir^CO^ (ir • r.co \ 
E[r,zj) = - E{r^,0,Q))exip ~ ^ — 一 一 xexp exp ~ ~ ^ ~一 i o x dr.do), 
七川 2c f z 2cz \ ci 0 
•“ V /」 \ / V y 
(3-17) 
where ro = (xo, yo) and r = (x, y) are the transverse co-ordinates at the source plane 
and at the given plane, respectively. 
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In Eqs. (3-14) and (3-16) the operator D = exp[i<^^y)] accounts for the 
dispersive phase g^co) of the prism pair or chirped mirrors. The operator C descirbes 
the propagation through the crystal without use of a slowly varying envelope 
approximation and when we neglect the backward radiation. It makes use of a split-
step scheme [14] where the dispersion and the Kerr nonlinearity are included 
through the following integral operator equation: 
^i+2(^' ^ ' 0 = ^,+i (^'^'Offf^, (k,0))P(k,0))xQxp[i(k • r -ox)]dkdo), (3-18) 
J J J 
where k = (kx, ky) is the transverse wave vector, and the subscript i denotes the ith 
step of integration along the direction of pulse propagation {z). In Eq. (3-18), P(k,0)) 
is the dispersive propagator of the optical field [15], which does not assume a slowly 
varying envelope approximation: 
P{k,0)) = exp{.[—Q M/c)2 — k 2 f ' z\ (3-19) 
where rio{co) is the index of refraction of the laser crystal. 
The nonlinear propagator is given by 
^M (厂，z,t) = Qxp[ikQn^l{r, z, t)zl (3-20) 
where I(r,z,t) is the local intensity, ko = ftb no(cOb)/c, and "2 is the nonlinear index of 
refraction of the laser crystal. 
It is seen from Eqs. (3-17) and (3-18) that the nonlinear propagation of the 
radiation through the laser crystal and between the optical components is calculated 
by 3-D integrals, which can be very time consuming for a multipass scheme. 
Therefore we assume an axial symmetry of the beam at each position within the 
resonator, which neglects the angles of incident on the optical components in the 
real laser. 
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It is clear that for an -10-fs pulse the dispersion in a laser crystal of width 
2mm changes significantly the pulse shape and duration. Experiment has shown that 
when a 22-fs negatively chirped pulse passes through a 2-mm Ti:sapphire crystal, 
the output pulse is as short as 20 fs with a positive chirp [16]. This is an indication 
that there is a position in the crystal where the pulse is transform limited. Since the 
pulse broadening owing to the dispersion is accompanied by attenuation in the peak 
intensity, there is a direct dependence between time and space effects during the 
nonlinear propagation. Evidently, the best self-focusing can be expected when the 
spatial focus into the crystal is positioned close to the point where the pulse duration 
is minimal (time focus) because in this case the peak intensity may reach a high 
value in a very narrow spatial range. Therefore for sub-10-fs pulses the space-time 
focusing leads to self-phase modulation during only a few wavelengths close to the 
peak of the pulse in the crystal, which introduces essentially a quadratic chirp over 
the pulse. Hence the total phase modulation of the intracavity pulse can be 
compensated for with higher precision, which leads to a shorter output pulse." 
Therefore the combined space-time focusing is expected to improve the 
performance of KLM laser as compared with the other mode-locked lasers. If we 
talk in terms of generalised astigmatism between space and time as an offset of the 
positions of spatial and temporal foci of the laser pulse into the crystal, the ideal case 
of compensated space-time astigmatism is when these foci coincide which 
corresponds to the best self-focusing and hence to the highest performance of the 
intracavity ultrafast absorber. The role of this mechanism should increase for 
shorter pulses when the evolution of the pulse duration into the crystal is more 
significant. 
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3.5 Initiation of Self-mode-locked Pulses 
With the cavity arrangement shown in Fig. 3.1, at a pump power of 5 W the 
cw output power of the Ti:sapphire laser was approximately 1 W. In this 
configuration the laser could be made to self-mode lock by simply realigning the 
cavity slightly using one or both of the end mirrors. This realignment resulted in a 
reduction of �2 0 % in average output power, so that for 5 W of pump power the 
average output was ~ 800 mW. 
Although, the mode-locking process is self-sustaining, it is not normally self-
starting. This means that when initially switched on, the laser will usually oscillate 
in a cw, un-mode-locked manner, and some additional means of initiating the self-
mode-locking process has to be utilised. In the originally reported research [1] this 
was achieved simply by tapping the table or one of the cavity mirror mounts, which 
resulted in intensity fluctuations that had durations sufficiently short to initiate the 
•‘ 
self-mode-locking process. Once initiated, the mode-locked pulse sequence could 
be retained for periods of as much as several hours depending on the degree of 
physical perturbation in the surrounding environment. 
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3.6 39-fs Pulses from A Self-mode-locked Ti:sapphire Laser 
The most commonly used technique for ultrashort laser pulsewidth 
measurement involves finding the temporal intensity profile through the second-
order correlation function that is obtained by the second-harmonic generation (SHG) 
[lV-18]. It provides an extremely high time resolution down to tens of 
femtoseconds. The SHG autocorrelation setup is shown in Fig. 3.5. The pulse train 
generated by the Ti:sapphire laser is split into two beams that are recombined again 
after having passed through a fixed and a variable optical delay lines. The 
recombined beam is focused into a nonlinear crystal of LiIO3 where the second 
harmonic of the fundamental frequency of the laser emission is generated. The SHG 
signal is detected by a Silicon diode. The mode-locked pulses, shown in Fig. 3.6’ 
from the laser were recorded by using an autocorrelator that provided both intensity 
and interferometric autocorrelation data. 
“ 
^ ^ ^ ^ ^ variable delay 
I f -
< ^ • — - . . — ^ . — . , 1 >;r • | - ^ " -<- Ti:sapphire laser pulses 
Beam splitter 
^r 
<• I > lens 
~ I ~ SHG crystal 
I I Silicon diode 
Fig. 3.5 Experiment setup for SHG autocorrelation measurement. 
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The FWHM of laser pulses A% is calculated as follows: 
, (M+1) A Afp=^ ~^^ .— (3-21) 2 c 
where the number of fringes spacing M was 27.5 and the centre wavelength X was 
818.5 nm. Thus, the FWHM Atj, was found to be 39 fs. 
2  
AXp = 39 fs 
o 1.5 _ Av AXp = 0.3221 3 P • 忽 ^ 
• PN 4 
S 1 -^ 
fi • _ 
0 。 5 I 
•^ ^^ •^ •^ "^^ •^^ •^ WiAl^ Y 1 |j|i(l/iMiv^v^v^^ 
o l 丨",丨,"_  
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Time (fs) 
Fig. 3.6 lnterferometric autocorrelation of39fs. 
¢1 
A fast photodiode and oscilloscope combination was used to monitor the 
pulse sequence, which is shown in Fig. 3.7，and the spectral characteristics of the 
pulses were recorded with an Optical Spectrum Analyser (OSA) that had a 
resolution of approximately 0.1 nm. The output period At was 10.4 ns, which 
corresponds to a cavity frequency of 96 MHz. The CW and mode-locked pulses 
spectmm are shown in Fig. 3.8 (a) and (b). The spectral half width is calculated as 
follows: 
Av=^AA (3-22) 
where the centre wavelength A was 818.5 nm and the half wavelength AA was 18.5 
nm. Thus, the spectral half width zlvwas found to be 8.2843 x 10'^ Hz. 
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^ At =10.4 ns ^  “J[^i^ i^ i^V 
I I I I I I I I I I I  Time (5 ns / div) 
Fig. 3.7 Output sequence ofTi:sapphire laser. 
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Fig. 3.8 (a) CW and (b) mode-locked pulses spectrum of Ti:sapphire laser. 
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The time-bandwidth product of the laser output is thus Av AZp = 0.3221, 
compared with the ideal value of 0.3148 for a sech^ pulse [19-20]. Thus the time-
bandwidth product is within 2.4 % of the value expected for a transform limited 
2 sech pulse shape. The peak power of the laser output is calculated as follows: 
Ppeak = Pa.e. > < ^ (3_23) 
� 
where the cavity period At was 10.4 ns and the FWHM AXp was 39 fs. The peak 
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3.6 Summary 
We have developed and experimentally demonstrated a self-mode-locked 
Ti:sapphire laser configuration. The pairs of prisms can have negative group-
velocity dispersion in the absence of any negative material dispersion and a spatio-
temporal model of a self-mode-locked is presented. We have also described the 
starting process of self-mode-locked pulses and the 39-fs pulses have been generated 
from the self-mode-locked Ti:sapphire laser pumped by a commercial ("Verdi") 
diode pumped frequency-doubled Nd:YVO4 laser, which had a single-frequency 
green (532 nm) output with over 5 W in a TEMoo mode. The average output power 
was 800 mW. The mode-locked pulses were almost transform limited with the 
centre wavelength of818.5 nm. 
“ 
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4 Photoconductive Detection of Millimetre Waves 
Using Low Temperature GaAs 
In the previous chapter, we described the 39-fs pulses from self-mode-locked 
Ti:sapphire laser. The average output power was 800 mW, and for a cavity period of 
10.4 ns a peak power of about 210 kW was generated. The mode-locked pulses were 
almost transform limited with the centre wavelength of 818.'5 nm. In this chapter, we 
use LT-GaAs for the photoconductive detection of millimetre waves. We compare the 
use of LT-GaAs with S.I. GaAs for generating and detecting millimetre electromagnetic 
waves. The LT-GaAs material gave a signal to noise improvement of 17.7 dB. 
This chapter is organised as follows. Section 4.1 gives a background of 
photoconductive generation and detection of millimetre waves. Section 4.2 illustrates 
“ 
the characteristics of photoconductive dipole antennas. Section 4.3 shows the 
experiment setup. Section 4.4 presents the results and discussion. Section 4.5 gives 
the chapter summary. 
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4.1 Introduction 
There is much interest in the generation and detection of millimetre and 
submillimetre electromagnetic waves for time domain spectroscopy and terahertz 
imaging applications [1]. Electromagnetic waves of frequency ranging from a few GHz 
to several THz are generated when the photoconductive gap between biased coplanar 
striplines is excited by femtosecond laser pulses [2-5]. Miniature dipole antennas have 
been used to generate and coherently detect these picosecond pulses [2，5]. Detection of 
freely propagating terahertz radiation has usually been performed by means of a 
photoconducting dipole antenna gated by a time-delayed optical probe pulse [6] or by 
measuring the optical polarisation of time-delayed probe pulses in an electro-optic 
material exposed to the terahertz radiation [7]. Radiation-damaged silicon-on-sapphire 
(RD-SOS) has commonly been used as the material for the photoconductive material 
between the metal contacts [3，8], whilst low temperature grown GaAs (LT-GaAs) has 
also been found suitable [5]. “ 
The properties that are important for the choice of RD-SOS or LT-GaAs as the 
photoconductive material include their short carrier lifetime, high mobility and high 
resistivity [9-10]. In the detection of millimetre waves by photoconductive sampling, a 
short carrier lifetime is necessary to ensure a good time resolution. In the conventional 
application of using a photoconductor for detecting light, a relatively large electric field 
is applied resulting in a photocurrent that increases with the mobility of carriers in the 
photoconductive material. LT-GaAs offers high mobility and low carrier lifetimes. In 
this chapter we describe experiments which compare the use of LT-GaAs with as grown 
S.I. GaAs for sub-THz generation and detection. 
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4.2 Device Structures 
Q 
The semi-insulating GaAs had a resistivity of 2 x 10 Q cm (over a magnitude 
greater than the LT-GaAs of 2 x 10? Q cm). The details of Hall effect measurements 
system are described in Appendix A. Hall effect measurements indicated the Hall 
mobility was 5800 and 5600 cm^/V s for the semi-insulating GaAs and the LT-GaAs 
samples respectively. (These measurements may include contributions from the 
mobility of the substrate.) The mobility of the LT-GaAs is significantly larger than the 
mobility reported for RD-SOS of about 29 cm^/V s [3]. Aluminium electrodes forming 
dipole antennas for the millimetre wave emitter and detector were patterned (Fig. 4.1) 
onto the GaAs material by photolithography and lift-off. The photograph of device 
structure is shown in Appendix B. The metal strip-line leading to the dipole antenna 
from the contact pads had a length of 2.5 mm and a width of 40 ^im. The dipole 
antenna had an overall length L of 230 |im, and thus has a half-wavelength resonance at 
“ 
a frequency o f / = c/2nL = 182 GHz with the refraction index n of 3.59 [11]. The 
same electrode patterns were used to fabricate the emitter and detector. 
^ ~ ~ f ^ 
150 i^m 30 um 
I 亨 ~ ~ ^ 
Fig. 4.1 Electrode pattern for the emitter and detector dipole antenna. 
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Optical pulses of about 39 fs full-width-half maximum (FWHM) duration from 
a mode-locked Ti:sapphire laser were focussed to the gap between the electrodes. A dc 
electrical bias of 20 V was applied via a bias tee to the two electrodes and the impulse 
response of the LT-GaAs was compared with the semi-insulating GaAs by observing 
the electrical pulse on a 40 GHz sampling oscilloscope (Fig. 4.2). Using the semi-
insulating GaAs detector, the measured FWHM pulsewidth was 348 ps and the fall time 
(from 90 to 10% drop) was 1.6 ns. The impulse response is characterised by a long tail, 
which may be attributed to the long carrier lifetime of the semi-insulating GaAs 
material. Using the LT-GaAs detector, the FWHM pulsewidth was 165 ps and the 
falltime was reduced to 130 ps. The significant decrease in the fall time suggests that 
the LT-GaAs had shorter carrier lifetime. The reduction in carrier lifetime cannot 
however be quantified from the impulse response since it is likely that the measured 
electrical pulsewidth is limited by the response times of the wire contact to the 
•I electrodes rather than the actual carrier lifetimes. 
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Fig. 4.2 Impulse response of(a) semi-insulating GaAs and (b) LT-GaAs detector. 
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The current-voltage characteristics of the electrodes on the semi-insulating 
GaAs substrate and the LT-GaAs, shown in Fig. 4.3, indicates that in contrast with the 
Schottky contacts on the semi-insulating GaAs material, the metal contacts with the LT-
GaAs were Ohmic. Without any external electrical bias, the photocurrent generated by 
focussing approximately 100 mW cw light onto the semiconductor near one electrode 
was measured to be 60 and 3.5 nA for the semi-insulating GaAs and LT-GaAs material 
respectively. At zero applied electric field, the photocurrent is driven by the 
nonuniform spatial distribution of charge caused by the different diffusion rates of 
photogenerated electrons and holes. 
100 n 
(b) ^ ^ 
50 • ^ y ^ 
3 ^ y ^ (a) I ‘ _•"*• ^^^乙 " T    
s -20 / ' ' -10 ^ ^ ^ ^ 0 10 20 
� / > ^ 
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Fig. 4.3 Current — voltage curves for the detector made using 
(a) semi-insulating GaAs and (b) LT-GaAs. 
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4.3 Experimental Setup 
The experimental configuration to generate and detect the terahertz 
electromagnetic waves is shown in Fig. 4.4. Two dipole antennas on different GaAs 
substrates were used as the emitter and detector respectively and were placed about 60 
cm apart. A pair of off-axis parabolic mirrors OAPM was used to collimate the 
millimetre waves. The electrodes on the emitter were biased to a potential difference of 
30 V whilst the detector was unbiased. The emitter was excited by high power (~ 220 
mW) pump pulses and the detector was excited by lower power (~ 160 mW) probe 
pulses. The pulses were focussed onto the semiconductor in the emitter and detector 
using 10 and 20 x objective lenses (L/ and L2). The arrival of the probe pulses on the 
detector was delayed with respect to the arrival of the pump pulses on the emitter by a 
variable delay line. The photocurrent measured from the detector varies with the delay 
because of the different electric field amplitudes of the electromagnetic radiation from 
the emitter at different time delays. The detector was directly connected to a lock-in 
amplifier (Stanford Research Systems SR 830). An optical chopper modulates the laser 
pump beam at 170 Hz and a lock-in amplifier was used for noise reduction. The 
averaging time and the sensitivity for lock-in detection were 100 ms and 20 nA (rms). 
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4.4 Results and Discussion 
Fig. 4.5(a) and (b) show the measured signal at different time delays using semi-
insulating GaAs detector and LT-GaAs detector respectively. The minor peaks 
following the first peak are mainly due to multiple reflections of the pulses in the 
emitter and detector and are reproducible. (The thickness of semi-insulating GaAs and 
LT-GaAs substrate are 480 and 600 i^m and are consistent with the 11.49 and 14.36 ps 
separation between the pulses in the measured waveform). The peak-to-peak 
amplitudes of the first negative peak were 14 and 108 mV for the semi-insulating GaAs 
and LT-GaAs detectors respectively. Thus the signal amplitude received from the LT-
GaAs detector was � 7 . 7 times larger than that obtained using the semi-insulating GaAs 
detector, resulting in a signal to noise ratio improvement of 17.7 dB. The Fourier 
transform obtained from Fig. 4.5 (b) is shown in Fig. 4.6, where the absorption lines at 
1.09，1.20 and 1.41 THz are due to the presence of water vapour, which has peak 
absorption at 1.097, 1.208 and 1.410 THz [12]. The program list of F^st Fourier 
Transform is shown in Appendix C. The additional structure on the spectra is not 
related to noise but results from the reflections of the main pulse. The observed 
resonance at 194 GHz is in good agreement with the calculated resonance of the dipole 
antenna of 182 GHz. * 
Fig. 4.7 shows the measured signal at different time delays using LT-GaAs as 
emitter and detector. The peak-to-peak amplitude of the first negative peak was 76.5 
mV. Thus the signal amplitude transmitted from the semi-insulating GaAs emitter was 
~ 1.4 times larger than that obtained using the LT-GaAs emitter, resulting in a signal to 
noise ratio improvement of 3 dB. 
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Fig. 4.5 Transient waveform of(a) semi-insulating GaAs detector and 
(b) LT-GaAs detector. 
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Fig. 4.6 Spectrum ofthe subterahertz pulse measured using 
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Fig. 4.7 Transient waveform using LT-GaAs emitter and detector 
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4.5 Summary 
In conclusion, we have studied the performance LT-GaAs and semi-insulating 
GaAs as the substrate materials in the detection of millimetre waves by photoconductive 
sampling. We found that the signal received using the LT-GaAs detector to have 17.7 
dB better signal to noise ratio than the semi-insulating GaAs detector. The shorter 
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5 Investigation of Other Materials for THz Detection 
In the previous chapter, we have successfully demonstrated the photoconductive 
detection of millimetre waves using LT-GaAs. We found that the signal received using 
the LT-GaAs detector to have 17.7 dB better signal to noise ratio than the semi-
insulating GaAs detector. In this chapter, we investigate the use of proton implanted 
GaAs. We show that ion-damaged GaAs may be used to generate and detect millimetre 
electromagnetic waves. We also tested other materials, including FeSi2, Si, InP, and 
InGaAs/InP for Terahertz detection. 
The semi-insulating GaAs material which was implanted with a dose of 10'^ 
cm'2 protons at an energy of 200 keV gave a signal to noise improvement of about 24.7 
dB when compared with as-grown semi-insulating GaAs. The improvement is in spite 
of a reduced carrier mobility in the ion-implanted material and is due to the shorter 
carrier lifetime and formation of Ohmic contacts with the ion-damaged semi-insulating 
GaAs. 
This chapter is organised as follows. Section 5.1 gives an introduction. Section 
5.2 describes the material preparation. Section 5.3 illustrates the characteristics of 
photoconductive dipole antennas. Section 5.4 shows the experiment setup. Section 5.5 
presents the results and discussion. Section 5.6 investigates other materials for THz 
detection. Section 5.7 gives the chapter summary. 
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5.1 Introduction 
The detection of millimetre waves by photoconductive sampling requires 
material with a short carrier lifetime to ensure a good time resolution. Previous work 
has concentrated on LT-GaAs because it combines short carrier lifetimes with the 
relative high carrier mobility needed for photoconduction. Picosecond carrier lifetime 
in GaAs can be obtained by implanted with 2 MeV As of 10'^ cm'^ dose and annealed at 
600 °C [1]. Proton bombardment of GaAs can reduce carrier lifetimes to under a 
picosecond [2] but the mobility is also reduced. However when the applied electric 
field is weak (as is the case during the detection of millimetre waves by 
photoconductive sampling), an initial photovoltaic response, because of the presence of 
a Schottky barrier at the metal-semiconductor interface, may reduce the photocurrent. 
In this chapter we investigate the use of proton damaged GaAs as an alternative and 
possibly more suitable material than LT-GaAs for photoconductive sampling,]because of 
its reported shorter carrier lifetime [3]. Proton damaged GaAs also offers the advantage 
of allowing easy formation of Ohmic contacts. 
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5.2 Material Preparation 
The ion-damaged sample was prepared by implanted with a dose of 10'^ cm"^  
protons at an energy of 200 keV into semi-insulating GaAs wafer. In this work, the 
implantation was done at room temperature with the wafer tilted at T from the normal 
direction of the beam. The ion implantation system is shown in Fig. 5.1 [4]. 
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Fig. 5.1 Block diagram ofion implantation system. 
62 
Materials for Millimetre Wave Detection Using Femtosecond Optical Pulses Chap 1 
The sample implanted with proton is analysed by the transport of ions in matter 
(TRM) to obtain their concentration versus depth profiles [5]. The ion concentration 
Cion is calculated as follows: 
c",„ = � . x 0 x k 8 x ^ ^ ^ ^ (5-1) 
where tnor. was the result obtained from the TRIM program, the dose 伞 was 10'^ cm'】， 
the value of le8 was the unit factor and the standard deviation from the mean crwas 
0.1608 p,m. Thus, the ion concentration c,v,„ versus depth profiles is shown in Fig. 5.2. 
The mean projected range Rp was 1.4157 ^im. 
3  f^  
夸 0 <^"^^^^^"^^^^^^^^ 
0 0.5 1 1.5 2 
Depth (\im) 
Fig. 5.2 Depth distributions ofimplanted protons in GaAs at 200keV, 
as calculated with TRIM. 
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5.3 Device Structures 
Previous work [3] reported attaining carrier lifetimes as short as 600 fs by 
implanting a dose of 10'^ cm"^  200 keV protons into semi-insulating GaAs. We used a 
similar dose and energy to produce the ion-damaged semi-insulating GaAs material for 
our experiments. The ion-damaged material had a resistivity of over 10^ Q. cm (over a 
magnitude greater than the unimplanted GaAs) because of the increased density of trap 
defects in the ion-damaged material. Hall effect measurements indicated the Hall 
ry mobility was marginally reduced from ~ 5800 c m W s for the unimplanted material to ~ 
2 
5400 cm /V s for the ion-damaged samples. (These measurements may include 
contributions from the mobility of the substrate.) The mobility of the ion-implanted 
GaAs is significantly larger than the mobility reported for RD-SOS of about 29 cmVv s 
[6]. Aluminium electrodes forming dipole antennas for the millimetre wave emitter and 
detector were patterned (Fig. 5.3) onto the GaAs material by photolithography and lift-
off. The metal strip-line leading to the dipole antenna from the contact pads had a 
“ 
length of 2.5 mm and a width of 40 陣.T h e dipole antenna had an overall length L of 
230 |j,m, and thus has a half-wavelength resonance at a frequency o f / = c/2nL = 182 
GHz with the refraction index n of 3.59 [7]. The same electrode patterns were used to 
fabricate the emitter and detector. 
1 本 ~ ~ ^ 
150 |ipi 30 um • ^  
1 
Fig. 5.3 Electrode patternfor the emitter and detector dipole antenna. ^ 
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Optical pulses of about 39 fs full-width-half maximum (FWHM) duration and 
20 mW average power from a mode-locked Ti:sapphire laser were focussed to the gap 
between the electrodes. A dc electrical bias of 20 V was applied via a bias tee to the 
two electrodes and the impulse response of the ion implanted material was compared 
with the unimplanted material by observing the electrical pulse on a 40 GHz sampling 
oscilloscope (Fig. 5.4). Using the unimplanted GaAs detector, the measured FWHM 
pulsewidth was 348 ps and the fall time (from 90 to 10% drop) was 1.6 ns. The impulse 
response is characterised by a long tail, which may be attributed to the long carrier 
lifetime of the unimplanted material. Using the proton implanted material, the FWHM 
pulsewidth was 170 ps and the falltime was reduced to 112 ps. The decrease in the fall 
time suggests that the proton bombardment was successful in reducing the carrier 
lifetime significantly. The reduction in carrier lifetime cannot however be quantified 
from the impulse response since it is likely that the measured electrical pulsewidth is 
limited by the response times of the wire contact to the electrodes rather than the actual 
II 
carrier lifetimes. However in comparison with the corresponding measurement with 
LT-GaAs, the trace in Fig. 4.2(b), it can be seen that the proton damaged GaAs has a 
shorter falltime. The trace in Fig. 5.4(b) does not have the trailing tail. 
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bombarded GaAs detector. 
66 
Materials for Millimetre Wave Detection Using Femtosecond Optical Pulses Chap 5 
The current-voltage characteristics of the electrodes on the unimplanted GaAs 
substrate and the proton implanted GaAs, shown in Fig. 5.5, indicates that in contrast 
with the Schottky contacts on the unimplanted material, the metal contacts with the 
implanted material were Ohmic, as is typical for semiconductors with high defect 
densities. Without any external electrical bias, the photocurrent generated by focussing 
approximately 100 mW cw light onto the semiconductor near one electrode was 
measured to be 0.06 and 0.18 i^A for the unimplanted and implanted material 
respectively. At zero applied electric field, the photocurrent is driven by the 
nonuniform spatial distribution of charge caused by the different diffusion rates of 
photogenerated electrons and holes. The larger photocurrent obtained from the 
implanted material may be because of the presence of Ohmic contacts which allow an 
external photocurrent flow even at the small electric fields associated with the 
nonuniform spatial charge distribution. 
n 
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5.4 Experimental Setup 
The experimental configuration to generate and detect the terahertz 
electromagnetic waves is shown in Fig. 5.6. Two dipole antennas on different GaAs 
substrates were used as the emitter and detector respectively and were placed about 60 
cm apart. The electrodes on the emitter were biased to a potential difference of 30 V 
whilst the detector was unbiased. The emitter was excited by high power (~ 220 mW) 
pump pulses and the detector was excited by lower power (~ 160 mW) probe pulses. 
Both pump and probe beams were derived from a self-mode-locked Ti:sapphire laser 
which generated a 96 MHz train of pulses of 39 fs FWHM pulsewidth and 818.5 nm 
centre wavelength. The pulses were focussed onto the semiconductor in the emitter and 
detector using 10 and 20 x objective lenses (Ly and L2). The arrival of the probe pulses 
on the detector was delayed with respect to the arrival of the pump pulses on the emitter 
by a variable delay line. The photocurrent measured from the detector varies with the 
delay because of the different electric field amplitudes of the electromagnetic radiation 
from the emitter at different time delays. “ 
O A ™ | ^ > f ^ \ 
detector 
I • 
mechanical y / 
chopper , / ‘ 
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_ • • • * • • • 
\ ET0" : : J ^ OAPM : ^ y ^ : variable delay 
Fig. 5.6 Experiment setup. 
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5.5 Results and Discussion 
Fig. 5.7(a) and (b) show the measured signal at different time delays using the 
unimplanted GaAs detector and the ion-implanted GaAs detector respectively. The 
minor peaks following the first peak are mainly due to multiple reflections of the pulses 
in the emitter and detector and are reproducible. (The thickness of the substrate is 480 
|LUn and is consistent with the 11.4 ps separation between the pulses in the measured 
waveform). The peak-to-peak amplitudes of the first negative peak were 14 and 242 
mV for the unimplanted and ion-implanted GaAs detectors respectively. Thus the 
signal amplitude received from the ion-implanted GaAs detector was ~ 17.3 times larger 
than that obtained using the unimplanted GaAs detector, resulting in a signal to noise 
ratio improvement of 24.7 dB. The Fourier transform obtained from Fig. 5.7(b) is 
shown in Fig. 5.8, where the absorption lines at 0.56, 0.75 and 0.98 THz are due to the 
presence of water vapour, which has peak absorption at 0.557, 0.752 and 0.988 THz [8]. 
The additional structure on the spectra is not related to noise but results from the 
reflections of the main pulse. The observed resonance at 186 GHz is in good agreement 
with the calculated resonance of the dipole antenna of 182 GHz. 
Fig. 5.9 shows the measured signal at different time delays using proton 
implanted GaAs as emitter and detector. The peak-to-peak amplitude of the first 
negative peak was 220.7 mV. Thus the signal amplitude transmitted from the semi-
insulating GaAs emitter was ~ 1.1 times larger than that obtained using the proton 
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Pig' 5.9 Transient waveform using proton implanted GaAs emitter and detector. 
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5.6 Investigation of Other Materials 
We also investigated other materials, including ion implanted Silicon (FeSix), 
high resistivity Si, InP and InGaAs/InP for photoconductive generation and detection of 
millimetre waves. However, no signal was found among of them. Both FeSix and Si 
have relative low carrier mobility, long carrier lifetimes and low resistivity compared 
with S.I. GaAs. Low carrier mobility materials have been generally considered as poor 
photoconductors. The materials of InP and InGaAs/InP have poor absorption in this 
wavelength range and have long carrier lifetimes. The detection of millimetre waves by 
photoconductive sampling requires material with a short carrier lifetime to ensure a 
good time resolution. Thus, the use of FeSix, Si, InP and InGaAs/InP for THz 
generation and detection was not succeeded. 
$1 
72 
Materials for Millimetre Wave Detection Using Femtosecond Optical Pulses Chap 1 
5.7 Summary 
In conclusion, we have studied the performance of ion-damaged GaAs and as-
grown GaAs as the substrate materials in the detection of millimetre waves by 
photoconductive sampling. We found that the signal received using the ion-damaged 
GaAs detector to have 24.7 dB better signal to noise ratio than the as-grown GaAs 
detector and 7 dB better than the LT-GaAs detector. The improvement is better than 
that observed using LT-GaAs possibly because of the shorter carrier lifetime in the 
proton damaged GaAs. The shorter carrier lifetime and ease of formation of Ohmic 
contacts make proton-damaged GaAs an attractive material for terahertz applications. 
n 
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6 Characteristics of Millimetre Waves 
In the previous chapter, we studied the performance of ion-damaged GaAs and 
as-grown GaAs as the substrate materials in the detection of millimetre waves by 
photoconductive sampling. We found that the signal received using the ion-damaged 
GaAs detector to have 24.7 dB better signal to noise ratio than the as-grown GaAs 
detector and 7 dB better than the LT-GaAs detector. In this chapter, we study the 
characteristics of millimetre waves and its application of time-domain spectroscopy 
(TDS). By Fourier analyses of the propagated pulses, the frequency dependent 
absorption of the sample can be obtained. 
We show that the millimetre waves signal was linearly proportional to the 
applied bias voltage and the inverse of the square of distance. The squared amplitudes 
were linearly proportional to pump power and probe power. Strong water-absorption 
lines at 0.56, 0.75 and 0.98 THz were observed in the calculated spectra. 
This chapter is organised as follows. Section 6.1 gives a brief introduction on 
characterisation of terahertz beam. Section 6.2 shows the experiment setup. Section 
6.3 presents the results and discussion. Section 6.4 shows the experiment setup. 
Section 6.5 presents the results and discussion. Section 6.6 gives the chapter summary. 
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6.1 Introduction 
We examine the dependence of the generated terahertz radiation on applied bias 
voltage, the distance between the emitter and detector, and the pump-probe-probe 
power. The powerful technique of the time-domain spectroscopy (TDS) has been 
applied to several different systems using variety of sources, as described and reviewed 
by Grischkowsky et al in 1990 [1]. With this technique two electromagnetic 
pulseshapes are measured, the input pulse and the propagated pulse, which has changed 
shape due to its passage through the sample under study. Consequently, via Fourier 
analyses of the input and propagated pulses, the frequency dependent absorption and 
dispersion of the sample can be obtained. An early example of THz time-domain 
spectroscopy was the characterisation of water vapour from 0.25 to 1.5 THz, where the 
cross-sections of the 9 strongest lines were measured with the best accuracy to date by 
van Exter et al in 1989 [2]. 
“ 
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6.2 Experiment Setup 
The experimental configuration to generate and detect the terahertz 
electromagnetic waves is shown in Fig. 6.1. Two dipole antennas on different GaAs 
substrates were used as the emitter and detector respectively as described in chapter 5. 
They were placed with d (mm) apart. The electrodes on the emitter were biased to a 
potential difference of V (V) whilst the detector was unbiased. The emitter was excited 
by high power ( � 3 5 0 mW) pump pulses and the detector was excited by lower power 
( � 1 8 0 mW) probe pulses. Both pump and probe beams were derived from a self-mode-
locked Ti:sapphire laser which generated a 96 MHz train of pulses of 39 fs FWHM 
pulsewidth and 818.5 nm centre wavelength. The pulses were focussed onto the 
semiconductor in the emitter and detector using 20 x objective lenses (L1 and L2). The 
arrival of the probe pulses on the detector was delayed with respect to the arrival of the 
pump pulses on the emitter by a variable delay line. The photocurrent measured from 
the detector varies with the delay because of the different electric field amplitudes of the 
electromagnetic radiation from the emitter at different time delays. The detector was 
directly connected to a lock-in amplifier (Stanford Research Systems SR 830). An 
optical chopper modulates the laser pump beam at 170 Hz and a lock-in amplifier was 
used for noise reduction. 
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6.3 Experiment Results 
Fig. 6.2 shows the measured amplitude of millimetre waves at varying different 
bias voltage of V from 10 to 40 V. The emitter and detector were placed 12 mm apart. 
The averaging time and the sensitivity for lock-in detection were 100 ms and 10 mV 
(rms). Below 10 V，the signal was small and influenced with the background noise. 
Between 10 and 40 V, the measured signal was increased linearly to the applied bias 
voltage. A maximum bias voltage of 40 V was applied to avoid large current flowed 
into the device and cause the device damage. The millimetre waves signal was 
proportional to the applied bias voltage. 
1.2 
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Fig. 6.2 The measured peak-to-peak amplitude ofmillimetre waves at 
varying applied bias voltage. 
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Fig. 6.3 shows the power received from the detector at a distance of d to the 
emitter. The distance was varied from 5 to 25 mm. The applied bias voltage was fixed 
at 20 V. Between 5 and 25 mm, the measured amplitude was decreased dramatically 
with the increase of distance between the emitter and detector. No signal was found if 
the detector was moved further apart from the emitter. Doubling the distance d, the 
power received was reduced to its quarter. The millimetre waves signal was linearly 
proportional to the inverse of the square of distance as shown in the insert in Fig. 6.3. 
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Fig. 6.3 The received power varies with the distance d between the 
emitter and detector. 
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Fig. 6.4 shows a plot of the squared amplitudes versus (a) pump power and (b) 
probe power. The bias voltage was fixed at 30 V and the distance d was 12 mm. The 
averaging time and the sensitivity for lock-in detection were 100 ms and 20 mV (rms). 
The squared amplitudes were linearly proportional to pump power and probe power. 
1.2 
/^~V 3: 1 . (a) Probe power: 140 mW S J 
X ^^y^ 
I 0 « ^ ^ 
! 0 6 ^ ^ 
I 0.4 - ^ ^ I 0.2 ^ ^ y ^ in ^y^^ 0 ^^^^ 1 1 1 I I  
0 50 100 150 200 250 300 350 
Pump Power (mW) 
1.2   
“ 
^ 1 _ (b) Pump power: 320 mW • 
I 0.8 • ^ y ^ 
t 0.6 - ^ ^ y ^ 
c8 ^yy^ 
1 。 4 Z 
% 0.2 • ^ ^ 
in ^ y ^ 0 ~~^ t^ 1 1 1 1 I I  
0 20 40 60 80 100 120 140 160 
Probe power (mW) 
Fig- 6.4 Squared amplitudes versus (a) pump power and (b) probe power. 
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6.4 Experiment Setup 
The experimental configuration to generate and detect the terahertz 
electromagnetic waves is shown in Fig. 6.5. Two dipole antennas on different GaAs 
substrates were used as the emitter and detector respectively and were placed about 60 
cm apart. A pair of off-axis parabolic mirrors OAPM was used to collimate the 
millimetre waves. The electrodes on the emitter were biased to a potential difference of 
30 V whilst the detector was unbiased. The emitter was excited by high power (~ 220 
mW) pump pulses and the detector was excited by lower power ( � 1 6 0 mW) probe 
pulses. The pulses were focussed onto the semiconductor in the emitter and detector 
using 10 and 20 x objective lenses (L/ and L2). The arrival of the probe pulses on the 
detector was delayed with respect to the arrival of the pump pulses on the emitter by a 
variable delay line. The photocurrent measured from the detector varies with the delay 
because of the different electric field amplitudes of the electromagnetic radiation from 
“ 
the emitter at different time delays. The detector was directly connected to a lock-in 
amplifier (Stanford Research Systems SR 830). An optical chopper modulates the laser 
pump beam at 170 Hz and a lock-in amplifier was used for noise reduction. The 
































































































































Materials for Millimetre Wave Detection Using Femtosecond Optical Pulses Chap 1 
6.5 Experiment Results 
Fig. 6.6 shows the Fourier analysis of the signal obtained from the ion-damaged 
detector with inserting (a) a dry paper and (b) a wet paper in the terahertz beam path. 
The strong water-absorption lines at 0.56, 0.75 and 0.98 THz were obtained as shown in 
Fig. 6.6(b). 
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}-、： 7 T .� ::1ftf^ ffl 10-^I J _ _ J  0 0.5 1 1.5 Frequency fTHz) Fig. 6.6 Spectrum with inserting (a) a dry paper and (b) a wet paper in the terahertz beam path. 85 
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6.6 Summary 
In conclusion, we have studied the characteristics of terahertz beam. We found 
that the millimetre waves signal was linearly proportional to the applied bias voltage 
and the inverse of the square of distance. The squared amplitudes were linearly 
proportional to pump power and probe power. The strong water-absorption lines at 
0.56, 0.75 and 0.98 THz were obtained. 
II 
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7 Conclusion and Future work 
7.1 Conclusion 
The technology of using optical pulses to generate and detect picosecond and 
subpicosecond electrical pulses is now relatively well developed. We can expect to see 
substantial further improvements, however, with regard to speed, sensitivity and 
physical size of the terahertz generators and detectors. Optical pulses with durations as 
short as 39 fs were routinely generated in our experimental setup. The application of 
these extremely short pulses to optoelectronics presents an exciting challenge for future 
work. The available bandwidth extends as high as 10'^ Hz, well into the far-infrared 
region of the spectrum. If techniques can be developed which can utilise most this 
bandwidth, it will make possible measurements over an enormous range of the 
electromagnetic spectrum. 
•I 
In chapter 3 we studied how to mode lock a Ti:sapphire laser to produce 39 fs 
pulses. The Ti:sapphire was pumped by a commercial ("Verdi") diode pumped 
frequency-doubled Nd:YVO4 laser, which had a single-frequency green (532 nm) 
output with over 5 W in a TEMoo mode. The average output power was 800 mW, and 
for a cavity period of 10.4 ns a peak power of about 210 kW was generated. By using a 
pair of prisms for dispersion compensation, the time-bandwidth product was reduced to 
0.3221，which is close to the transform limited sech^ pulse of0.3148. 
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In the conventional application of using a photoconductor for detecting light, a 
relatively large electric field is applied resulting in a photocurrent that increases with 
the mobility of carriers in the photoconductive material. LT-GaAs offers high mobility 
and the short carrier lifetimes necessary for the photoconductive sampling 
measurements. In chapter 4，we describe experiments which compare the use of LT-
GaAs with as grown S.I. GaAs for sub-THz generation and detection. The shorter 
carrier lifetime of LT-GaAs allowed the LT-GaAs detector to have 17.7 dB better signal 
to noise ratio than the semi-insulating GaAs detector. 
The performance of ion-damaged GaAs and as-grown GaAs as the substrate 
materials in the detection of millimetre waves by photoconductive sampling are 
described in chapter 5. We found that the signal received using the ion-damaged GaAs 
detector to have 24.7 dB better signal to noise ratio than the as-grown GaAs detector 
and 7 dB better than the LT-GaAs detector. The improvement is better than that 
observed using LT-GaAs possibly because of the shorter carrier lifetime in the proton 
#/ 
damaged GaAs. The short carrier lifetime and ease of formation of Ohmic contacts 
make proton-damaged GaAs an attractive material for terahertz applications. We also 
investigated other materials, including ion implanted Silicon (FeSix), high resistivity Si, 
InP and InGaAs/InP for photoconductive generation and detection of millimetre waves. 
However, no signal was found among of them. Both FeSix and Si have low carrier 
mobility，and low resistivity compared with S.I. GaAs. Low carrier mobility materials 
have been generally considered as poor photoconductors. The materials of InP and 
InGaAs/InP have poor absorption in this wavelength range and have long carrier 
lifetimes. 
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Finally, we study the characteristics of terahertz beam. We found that the 
millimetre waves signal was linearly proportional to bias voltage and inverse of squared 
distance. The squared amplitudes were linearly proportional to pump power and probe 
power. By Fourier analyses, the strong water-absorption lines at 0.56, 0.75 and 0.98 
THz were obtained. 
“ 
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7.2 Future work 
Based on the available source of femtosecond pulses and the techniques of 
photoconductive detection of millimetre waves, the possible future works are listed as 
follows: 
1. We can further investigate the materials for photoconductive detection of 
millimetre waves, hon implanted Si (FeSix), InGaAs/InP are the possible materials 
under examined. We should find any possible methods to have short carrier 
lifetimes, high mobility and high resistivity for these photoconductive materials. 
We can also investigate the absorption of these materials in the wavelength of 1.5 
^im, hence the terahertz system can be used with fibre laser. 
2. Recently, the free-space electro-optic sampling system has been used to 
II 
characterise the temporal and spatial distribution of free-space broadband, pulsed 
electromagnetic radiation. The measured sensitivity (1 x 10''^ W/Hz'^^) and useful 
bandwidth (over 30 THz) of these electro-optic probes are comparable to, or better 
than any conventional far-infrared coherent detection method. The concept of a 
free-space electro-optic detection system, similar to local field electro-optic 
sampling, is based on the Pockels effect in electro-optic crystals where a pulsed 
microwave signal (DC-THz) acts as a transient bias to induce a transient 
birefringence which can be detected by a synchronous optical probe. We can use 
ZnTe as a electro-optic crystal for terahertz field measurements. 
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3. In the sub-terahertz experimental setup, the laser source we used was a self-mode-
locked Ti:sapphire laser pumped by a "Verdi" laser which is very large in size for 
practical use in T-ray imaging. Hence, the use of fibre laser is necessary for 
portable THz system. Fibre lasers are compact, reliable, and less expensive to 
operate and maintain than the more conventional Ti:sapphire systems. 
4. Finally, we can focus on the imaging work performed by the use of a 
photoconductive dipole which can create images in the terahertz range, but it is not 
in the real-time. Free-space terahertz electro-optic detection provides new methods 
for the measurement of freely propagating pulsed electromagnetic radiation. The 
electro-optic sensor might be an ideal device to measure two-dimensional THz 
images in real-time. 
•I 
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Appendixes 
Appendix A: HalI Effect Measurement System 
The HL5500PC is a high-performance Hall Effect Measurement System. It 
enables measurement of resistivity, carrier concentration and mobility on a wide range 
of semiconductors and with minimum effort in sample preparation. However, to obtain 
accurate results the samples should have well-defined geometries and good ohmic 
contacts. The geometry of our samples is a square pattern. We add Ga/In eutectic alloy 
to four probe contacts above the samples for Hall measurements. Ga/In eutectic alloy 
makes very good ohmic contacts to Si and GaAs at room temperature [1]. It is not 
suitable for temperatures below 0°C. The advantage of Ga/In is that it is liquid at room 
temperature and can be painted onto the surface without exposing the semiconductor to 
any heat treatment. Thus, the Hall mobility and the resistivity of the samples were 
obtained. Figure A-1 below shows the Hall effect arrangement, ,' 
Ga/In GaAs eutectic samples / 
I _ _ 6 ^ ^ ^ ^ ： ^ 
¢ ) B®X' ( ^ “ ， • 
Fig. A-1 Hall effect arrangement. 
where B is magnetic field, E is electric field, I is constant current, V/, is the measured 
Hall voltage and 1^  is the current source. 
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Appendix B: Photograph of Device Structures 
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Appendix C: Fast Fourier Transform (FFT) Program 
% The filename.txt contains data of transient waveform； 
% FFT of filename.ty:t with 2000 data points； 
load filename.ty:t; % read the file filename.txt； 
x = f i 1 e n a m e ( ： , 1 ) ； 
Y=filename(：,2)； 
xshift=(x+2)/20*63.33； % x-axis shifting and rescaling； 
% The delay line moves 9.5(mm) 
% during scanning； 
% 2x9.5(mm)/c = 63.33(ps)； 
plot(xshift,y) % linear plot； 
axis(‘square') % It sets the current axes region 
% to be square； 
axis([0 63.33 -0.1 0.1]);% axis scaling and appearance； 
xlabel('Time (ps)') % x-axis labels； 
ylabel('Amplitude') % y-axis labels； 
“ 
Y=fft(y,6000)； % taking the 6000-points FFT； 
Pyy=Y.*conj(Y)/6000； % Pyy： power spectral density； 
fs=1999/63.33e-12; % fs： sampling frequency； 
f=(fs*(0:2999)/6000)/lel2; % the other 3000 points are 
% symmetric； 
semilogy(f,(Pyy(l:3000))) % semi-log scale plpt, 
% y-axis logarithmic； 
axis('square') % it sets the current axes 
% region to be square； 
axis([0 1.5 lOe-9 10e-2])； % axis scaling and appearance； 
xlabel('Frequency (THz)') % x-axis labels； 
ylabel('Amplitude') % y-axis labels； 
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